In addition to well-known curcuminoids, three colored metabolites were isolated from cultured cell clumps that had been induced from buds on turmeric rhizomes. The isolated compounds were identified as dihydro derivatives of curcuminoids, dihydrocurcumin (dihydroCurc), dihydrodesmethoxycurcumin-a (dihydroDMC-a), and dihydrobisdesmethoxycurcumin (dihydroBDMC). The cell clumps did not contain dihydroDMC-b, an isomer of dihydroDMC-a. A comparison of the distribution profiles of curcuminoids and dihydrocurcuminoids in the cell clumps with those in the rhizomes, leaves, and roots revealed the following differences: Unlike rhizomes, the cell clumps, leaves, and roots contained dihydrocurcuminoids as the major colored constituents. Whereas dimethoxy compounds, curcumin and dihydrocurcumin, respectively, were most abundant in the rhizomes and leaves, one of the monomethoxy derivatives, dihydroDMC-a, was found most abundantly in the cell clumps and roots. While both dihydroDMC-a and b were detected in the rhizomes, dihydroDMC-b was not detectable in the cell clumps, leaves, or roots. The occurrence of only one of the two possible isomers of dihydroDMC suggests biosynthetic formation of dihydrocurcuminoids in turmeric.
Turmeric (Curcuma longa) is a Zingiberaceous perennial plant grown commercially in many tropical regions. Rhizomes of this plant have been used as a yellow colorant and in traditional medicine. 1) Three curcuminoids, curcumin (Curc), desmethoxycurcumin (DMC), and bisdesmethoxycurcumin (BDMC), are the main yellow pigments in the rhizomes (1, 2, and 3 in Fig. 1 ).
2) These pigments have potent anti-oxidative and anti-inflammatory activities. 3) We have reported the production of curcuminoids in cell clumps of turmeric 4) cultured in liquid Murashige & Skoog (MS) medium. 5) We also found that the cell clumps were producing, in addition to well-known curcuminoids, three pigmented compounds (4, 5a, and 6, Fig. 1 ). Whereas detailed structure elucidation of 4 and 6 has been reported by Uehara et al. 6) and Dong et al. 7) respectively, we found that 5a was a novel compound, and we filed a patent application. 8) Subsequently, structure elucidation of 5b, a structural isomer of 5a, was reported by Kamnaing et al. 9) Later, Jiang et al. 10) reported detection of all four dihydrocurcuminoids, 4, 5a, 5b, and 6 in rhizomes of turmeric. Since they analyzed those compounds only by LC-MS and did not isolate them, the important spectral and physicochemical data of 5a, in particular NMR spectral data, remained unpublished except in the above-mentioned Japanese patent publication. Here we report a detailed structure elucidation of 5a along with quantitative and qualitative distribution profiles found in our analysis of curcuminoids and dihydrocurcuminoids in the cell clumps, leaves, and roots in addition to the rhizomes.
Materials and Methods
General. NMR measurements were performed on a JNA-A 500 spectrometer (JEOL, Tokyo, Japan). TMS was used as the internal standard. EIMS and HREIMS spectra were obtained respectively with a JMS-AMII 120 spectrometer and a DX-303 spectrometer (JEOL, Tokyo, Japan). Samples were introduced by a direct probe inlet system, and the ionization voltage was 70 eV. UV spectra were measured with a UV-3100PC (Shimadzu, Kyoto, Japan). IR spectra were obtained with a JIR-7000 (JEOL, Tokyo, Japan). The melting point of dihydroDMC-a was determined with an MP-S3 (Yanaco, Kyoto, Japan). HPLC-UV/Vis analysis was performed by HP 1050 (Agilent, Santa Clara, CA). UPLC-UV/Vis and UPLC-ESI/MS/MS analysis were performed using a Quattro premier XE attached to an Acquity UPLC system (Waters, Milford, MA).
Curcuminoids (1, 2, and 3) as standards for HPLC-UV/Vis and UPLC-UV/Vis analyses were synthesized using p-hydroxybenzaldehyde, vanillin, and acetylacetone by the method of Babu and Rajasekharan, 11) and purified by column chromatography on silica gel with CHCl 3 and MeOH (25:1). Dihydrocurcuminoids (4, a mixture of 5a and 5b, and 6) for standards were synthesized by reduction of the corresponding curcuminoids (0.1 g) in MeOH (50 ml) by Pd/C (0.01 g) under an H 2 atmosphere (room temperature, 200 min) and purified by preparative HPLC. The conditions of preparative HPLC were the same as those for the isolation of dihydrocurcuminoids from cell clumps (described below).
Materials. Surface sterilized lateral buds excised from rhizomes of field-grown turmeric originating in Okinawa and maintained in our laboratory were aseptically inoculated onto MS solid medium (pH 5. C on a photoperiod of 16 h light/8 h dark. After about 3 weeks, the calli transformed themselves into amorphous cell clumps. These cell clumps were maintained and propagated under the same conditions with subculture at 2-week intervals.
The cell clumps, maintained and propagated in liquid MS medium, were transferred to another liquid MS medium supplemented with 10 mgl À1 BA and 3 gl À1 sucrose, and cultured on a rotary shaker (40 rpm) at 25 C in darkness, with subculture at 2-week intervals. After 6 weeks, the cell clumps were subjected to extraction and isolation of dihydrocurcuminoids (4, 5a, and 6).
Turmeric plants cultured for 10 weeks on MS solid medium containing 6 gl À1 sucrose and 0.9 gl À1 agar and in MS liquid medium containing 8 gl À1 sucrose were used in UPLC-UV/Vis and UPLC-ESI/ MS/MS analysis. The culture conditions were the same as previously described.
12)
Extraction and isolation of dihydrocurcuminoids from cell clumps. Cell clumps (about 600 g) were freeze-dried (45.79 g), powdered, and extracted twice with EtOAc (600 ml). The combined EtOAc extract was evaporated in vacuo. The residue was extracted with MeOH (25 ml) and evaporated in vacuo. The residue was resuspended in a mixture of acetonitrile (6 ml) and water adjusted to pH 3.3 with TFA (TFA-water) (6 ml), and centrifuged for 30 min at 1;700 Â g. The collected upper layer was passed through a Sep-Pak C18 cartridge (Waters, Milford, MA), and evaporated in vacuo. The residue was extracted with acetonitrile (1 ml) and subjected to preparative HPLC on a reversed-phase column (PEGASIL ODS 20 Â 250 mm, Senshu Scientific, Tokyo) at 16 C (acetonitrile: TFA-water 1:1, 6 ml min À1 , A360 nm). Three fractions, eluted at 37, 35, and 32 min, were evaporated in vacuo to give 4 (0.3 mg), 5a (2.1 mg), and 6 (0.1 mg) respectively.
Quantitative HPLC-UV/Vis analysis for cell clumps. Freeze-dried cell clumps (0.4 g) were powdered and extracted with EtOAc (10 ml), and the extract was evaporated in vacuo. The residue was extracted with acetonitrile (0.5 ml) and passed through a 0.45-mm filter. The filtrate was subjected to quantitative HPLC on a reversed-phase column (PEGASIL ODS 4:6 Â 250 mm, Senshu Scientific, Tokyo) (acetonitrile: distilled water: acetic acid 10:10:1, 1 ml min À1 , A425 nm for 1, 2, and 3, and A380 nm for 4, a mixture of 5a and 5b, and 6).
Sample preparation for UPLC-UV/Vis and UPLC-ESI/MS/MS analysis for cultured plants. Freeze-dried rhizomes (about 0.1 g each) from six plants were powdered and extracted individually with acetonitrile (50 ml). Freeze-dried leaves (1.3 g in total) from the six plants were combined, powdered, and extracted with EtOAc (50 ml), and the extract was evaporated in vacuo. The residue was extracted with a mixture of acetonitrile (3 ml) and TFA-water (3 ml). The extract was passed through a Sep-Pak C18 cartridge and evaporated in vacuo. The residue was extracted with acetonitrile (0.5 ml). Freeze-dried roots (1.0 g in total) from the six plants were prepared in the same way as the leaves, except that the volume of acetonitrile for the final extraction was reduced to 0.3 ml. Each acetonitrile extract was passed through a 0.45-mm filter before injection into a UPLC.
Quantitative UPLC-UV/Vis and qualitative UPLC-ESI/MS/MS analysis of cultured plants. Prepared samples were subjected to UPLC (10% acetic acid: acetonitrile 55:45, 0.23 ml min À1 ) on a reversedphase column (Mightysil RP-18 GP Aqua 2 Â 250 mm, Kanto Chemical, Tokyo, Japan) and detected with a diode array (A425 nm for 1, 2, and 3, and A380 nm for 4, a mixture of 5a and 5b, and 6) and an MS/MS detector (polarity, ESI positive ion mode; capillary voltage, 3 kV; cone voltage, 25 V; collision energy, 20 eV; source temperature, 120 C; desolvation temperature, 350 C; corn gas flow, 50 l h À1 ; desolvation gas flow, 600 l h À1 ; collision gas pressure, 8.35e-3 mbar). These parameter settings were optimized for curcumin. Product ions of m=z 341 were measured from m=z 50 to m=z 500. 
Results and Discussion
The amorphous cell clumps, induced and cultured as described in ''Materials and Methods,'' accumulated three pigmented compounds (4, 5a, and 6) in addition to curcuminoids.
Compound 4 was identified as 5-hydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)-4,6-heptadiene-3-one by comparison of its 1 H-NMR, UV, IR, EIMS spectral data with those reported by Uehara et al. The molecular formula of compound 5a was determined to be C 20 H 20 O 5 by HREIMS and 13 C-NMR spectral data. The UV absorption maxima and the IR absorption pattern resembled those of 4, indicating the presence of a dihydroheptanoid moiety in 5a.
As shown in Table 1 (1H, s, H-4) ] indicated the presence of a hydroxy-enone system in the main carbon skeleton.
The gross structure of 5a was established by PFG-HMBC experiment ( Fig. 2 and Table 2 ). The methylene protons at 2.88 (H-1) showed cross-peaks with two aromatic carbons at 129.4 (C-2 0 , C-6 0 ), 133.1 (C-1 0 ), and a carbonyl carbon at 198.9 (C-3), whereas the methylene protons at 2.64 (H-2) showed cross-peaks with an aromatic carbon at 133.1 (C-1 0 ) and a ketone at 198.9 (C-3). Thus the whole structure of 5a was determined to be 5-hydroxy-7-(4-hydroxy-3-methoxyphenyl)-1-(4-hydroxyphenyl)-4,6-heptadiene-3-one (Fig. 2) .
Compound 6 was identified as 5-hydroxy-1,7-bis(4-hydroxyphenyl)-4,6-heptadiene-3-one by comparison of its 1 H-NMR, UV, IR, EIMS spectral data with those reported by Dong et al.
7)
Thus 4, 5a, and 6 were identified as dihydro derivatives of curcuminoids (1, 2, and 3), viz., dihydrocurcumin (dihydroCurc), dihydrodesmethoxycurcumin (dihydroDMC-a), and dihydrobisdesmethoxycurcumin (dihydroBDMC) (Fig. 1, Tables 1, 2 ).
The cell clumps contained much smaller amounts of curcuminoids and dihydrocurcuminoids than the rhizomes did. In addition, of the two isomers, 5a and 5b, the cell clumps contained only 5a in a detectable amount, whereas Jiang et al. 10) reported detection in the rhizomes of both isomers by LC-MS. While constituents such as curcuminoids in rhizomes have been extensively studied because of the practical values of rhizomes in folk medicine, information on the constituents of other non-yellowish, underused parts of turmeric plants, such as the leaves and roots, is scarce. Recently, RamirezAhumada et al. 13) detected curcuminoid synthase activity in crude enzyme extracts prepared from turmeric, with the highest activity in extracts from leaves. Thus curcuminoids or their analogs might be synthesized not only in the rhizomes, but also in the leaves and roots of turmeric plants. Hence we analyzed the profiles of curcuminoids and dihydrocurcuminoids in leaves and roots to compare them with those in the cell clumps and rhizomes.
The contents of curcuminoids (1, 2, and 3) and dihydrocurcuminoids (4, 5a, 5b, and 6) in the cell clumps, rhizomes, leaves, and roots, determined by HPLC-UV/Vis and UPLC-UV/Vis analysis, are shown in Table 3 . As with the cell clumps, the leaves and roots contained much smaller amounts of curcuminoids and dihydrocurcuminoids than the rhizomes. In contrast to the rhizomes, which contained curcuminoids in higher amounts than dihydrocurcuminoids, the cell clumps, leaves, and roots contained dihydrocurcuminoids in higher amounts than curcuminoids. Furthermore, the rhizomes and leaves contained dimethoxy compounds in the highest amounts, whereas the cell clumps and roots contained monomethoxy compounds in the highest amounts.
The two isomers, 5a and 5b, of dihydroDMC were not separable from each other by their retention times, and so we analyzed them individually by the method of Jiang et al. 10) utilizing UPLC-ESI/MS/MS. Since 5a and 5b yielded product ions of m=z 177 and m=z 147 respectively from the molecular ion of m=z 341
þ , it was possible to determine each isomer individually by monitoring these two corresponding product ions. While both m=z 177 and m=z 147 peaks were evident in the rhizome extracts, only the m=z 177 peak could be detected clearly, in the leaf and root extracts, the peak at m=z 147 being negligible (Fig. 3) . These results suggest that, unlike the rhizomes, which contained both 5a and 5b, the leaves and roots contained 5a as almost the sole dihydroDMC. Although we did not analyze the extracts of the cell clumps by UPLC-ESI/ MS/MS, we concluded that the cell clumps contained only 5a, because it was the only dihydroDMC isolated from the cell clumps in the experiments described above.
While the details of dihydrocurcuminoid biosynthesis have not been determined, several routes, as shown in Fig. 4 , are anticipated. We have two hypotheses for the biosynthetic routes that lead to all four dihydrocurcuminoids. One of the routes (route X 0 ) involves a reaction by an enzyme which accepts one molecule each of dihydrophenylpropanoid and phenylpropanoid, instead of two molecules of phenylpropanoids, as in curcuminoid biosynthesis (route X). The other route (route Y) involves reduction of a double bond in curcuminoids by a reductase.
For dihydroDMC biosynthesis, another route (route Z), which involves hydroxylase and O-methyltransferase, is possible in addition to routes X 0 and Y. In the leaves and roots, where only 5a was detected, the enzyme catalyzing the reaction in route X 0 is supposed to be a curcuminoid synthase like C-acyltransferase that shows high substrate specificity to feruloyl CoA and dihydro-p-coumaroyl CoA. For route Y, the enzyme is supposed to be a reductase that preferentially catalyzes reduction of the double bond in the phenylpropanoid moiety containing the p-hydroxyphenyl group. For route Z, the enzyme is supposed to be a hydroxylase that preferentially introduces a hydroxy group to the meta position of the aromatic ring on the opposite side of the reduced phenylpropanoid moiety. In contrast to the leaves and roots, the rhizomes contain these enzymes with less stringent specificity, or isozymes with specificity different from that of the enzymes in the leaves and roots, to afford 5b.
The biosynthetic pathways of dihydrocurcuminoids should be elucidated by studying the activities of these enzymes not only in rhizomes but also in leaves and roots.
